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l Neutrino	  oscilla;on	  
¡ Atmospheric,	  solar,	  	  
accelerator	  ν	  

¡ ν	  mixing	  parameters	  
▶ Leptonic	  CP,	  etc.	  

l Nucleon	  decay	  
l Astronomy	  

¡ Supernova,	  etc.	  
l Neutrino	  geophysics	  
l Dark	  maOer	  
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Multi-purpose detector, Hyper-K
• Total (fiducial) volume is 1 (0.56) million ton
– 25 × Super-K

• Explore full picture of neutrino oscillation 
parameters.
– Discovery of leptonic CP violation (Dirac δ)
– ν mass hierarchy determination(Δm2

32>0 or <0) 

– θ23 octant determination (θ23<π/4 or >π/4)

• Extend nucleon decay search sensitivity
– τproton=1034~1035 years

• Neutrinos from astrophysical objects
– 200 ν’s / day from Sun
• possible time variation, ~3σ day/night asym.

– 250,000 (50) ν’s from Supernova @Galactic-
center (Andromeda)

– ~300 ν’s / 10 years (>20MeV) SN relic ν
– WIMP ν, solar flare ν, etc

Letter of Intent, Hyper-K WG, 
arXiv:1109.3262 [hep-ex]
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Based	  on	  established	  
	  technologies	  
	

0.56	  (0.99)	  Mton	

~0.6GeV !µ"
295km�

x25 Larger ν Target

higher intensity ν by 
upgraded J-PARC

Quest for CP Violation 
in lepton sector

0.0225	  (0.05)	  Mton	

Super-‐Kamiokande	  
(since	  1995)	

Hyper-‐Kamiokande	  

x	  25(20)	
Fiducial	  (Total)	

Large	  water	  Cherenkov	  detector	  
Planned	  in	  Kamioka,	  Japan	  

+	  Improvement	  	  
	  	  	  	  	  with	  new	  technologies	39.3m	  φ	 54

m
	41
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m
	

Photo-‐sensor	 Super-‐K	 Hyper-‐K	

Inner	  detector	  
(for	  ν	  detec;on)	

11,129	  	  
(50cmΦ)	

99,000	  	  
(50cmΦ)	

Outer	  detector	  
(for	  cosmic-‐ray	  veto)	

1,885	  	  
(20cmΦ)	

25,000	  	  
(20cmΦ)	  	

Photo-‐coverage	 40%	 20%	

Sensor	  efficiency	  
(Quantum	  ×	  Collec;on	  Eff.)	

15%	  
(22%×67%)	

29%	  
(30%×95%)	

50cmΦ	  PMTs	  	  
inside	  Super-‐K	

Outer	  detector	

Inner	  detector	

PMT	

×9	
Expected	  in	  new	  photo-‐sensor	  R&D	

Photosensors	

Develop	  high	  performance	  
	  	  photodetector	  with	  low	  cost	  	  
	  	  	  	  worked	  over	  tens	  years	
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l  New	  50	  cm	  Φ	  photodetectors	  developed	  for	  HK.	  

Vene;an	  
blind	  dynode	

Model	 R3600	  (Used	  for	  2-‐30	  yrs)	 R12860	 R12850	
Amplifica;on	 Vene;an	  blind	  dynode	 Box	  and	  line	  dynode	 20mmΦ	  Avalanche	  diode	
Q.E.	 ~22%	 ~30%	 ~30%	
C.E.	  Φ46	  (Φ50)	 67%	  (61%)	 95%	  (85%)†	 93%	  (76%)	  w/	  5ch	  AD†	
T.T.S.	  (FWHM)	 5.5	  ns	 2.7	  ns	 0.75ns	  (w/o	  Preamp.)	
Bias	  voltage	 2	  kV	  bias	 2	  kV	  bias	 8	  kV	  bias	  +	  AD	  bias	  (<1kV)	
Proof	  test	 1.8	  yrs	  for	  HQE	 0.8	  yrs	  now	  from	  Sep.2014	 >	  0.5	  yrs	  expected	

Mounted	  in	  
Super-‐K	

Avalanche	  
diode	

50
.8
	  c
m
	  φ
	

New	

High	  QE!	
Box	  and	  

line	  dynode	

New	

High	  QE!	

By	  Hamamatsu	  Photonics	  K.K.	

†	  sOll	  in	  R&D	
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l  Photoelectron	  might	  miss	  1st	  
dynode	  →	  less	  collec;on	  eff.	  

l  Ambiguity	  of	  drip	  path	  
resulted	  in	  losing	  uniform	  
charge	  and	  ;me	  response.	  	  

(Super-‐K)	 (KamLAND	  43cm	  Φ,	  etc.)	 (Not	  yet	  used	  with	  large	  aperture)	

+2kV,	  107gain	 +2kV,	  107gain	 +8kV,	  105-‐6gain	

AD	  	
×1600	

×100	
+	  preamp	

302 A . Suzuk i e t a l . / I mprouemen t o f 20 i n PMTs

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

F i g . 6 . E l ec t ron t r a j ec t or i es s i mu l a t ed f or t he pr esen t 20 i n . PMT dynode .

F i g . 7 . S i mu l a t ed s i ng l e - pho t oe l ec t ron t r ans i t t i me d i s t r i bu t i ons f or t he pr esen t 20 i n . PMT(A) and t he proposed dynode s t ruc t ur es
(B - I ) . One d i v i s i on i n t he f i gur e cor r esponds t o 5 ns .
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Vene;an	  blind	
Box	  &	  Line	

	  	  	  	  	  	  	  	  	  	  	  	  	

All	  is	  possible	  for	  high	  QE	  op;on,	  22%→30%	

	  	  	  	  	  	  	  	  	  	  	  	  	

50cmΦ	
New	 New	

New	

Reliability	 Low	  cost,	  
High	  performance	

No	  experience	  using	  in	  water	  for	  a	  long	  ;me	  
→	  Proof	  test	  planned	  in	  Kamioka	

High	  collec;on	  efficiency	
Uniform	  drip	  path	  (&	  high	  1st	  dynode	  gain)	  
→	  High	  charge&;me	  resolu;on	

Uniformity	  improved	  to	  achieve	  large	  aperture	

Symmetric	  and	  
	  fast	  response,	  	  
high	  S/N,	  low	  cost	
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l 	  	  

10%	  -‐	  90%	   HPD	   B&L	  PMT	  (A)	   B&L	  PMT	  (B)	   SK	  PMT	  
Rise	  ;me	  [ns]	   7.4	  (1.7)	   6.2	   6.7	   10.6	  
Fall	  ;me	  [ns]	   11.5	  (2.7)	   6.3	   15.2	   13.1	  
FWHM	  [ns]	   17.1	   16.7	   13.0	   18.5	  

Time (ns)
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Box&Line	  PMT	  
	  w/	  different	  bleeder	  circuit	  	

(intrinsic	  waveform	  of	  20ch	  HPD	  w/o	  amp.)	

(A)	  Fast	  w/	  ringing	  
(B)	  Smooth	  recovery	  
	  	  	  	  	  	  	  	  (w/	  Damping	  register)	  

→	  (B)	  for	  proof	  test	
Similar	  ;me	  resolu;on	  is	  confirmed.	
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Time (ns)
-20 -15 -10 -5 0 5 10 15 20 250

0.2

0.4

0.6

0.8

1
20-inch high-QE HPD (5mm dia. AD) w/ preamp.

20-inch high-QE box&line PMT

20-inch normal-QE Super-K PMT

Photoelectron
-1 0 1 2 30

0.2

0.4

0.6

0.8

1

1.2

1.4
20-inch high-QE HPD(5mm dia. AD) w/ preamp.

20-inch high-QE box&line PMT

20-inch normal-QE Super-K PMT

Photoelectron	 Time	  [ns]	

HPD	

Box&Line	  PMT	
Super-‐K	  PMT	  

HPD	

Box&Line	  PMT	
Super-‐K	  PMT	  

1	  photo-‐electron	  
↓	

Pedestal	  →	

Single	  p.e.	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  resoluOon	

	  Charge	  
	  σ	  /	  peak	

Time	
σ	  (leW)	 FWHM	

Super-‐K	  PMT	 53%	 2.1	  ns	 7.3	  ns	

Box&Line	  PMT	 35%	 1.1	  ns	 4.1	  ns	

HPD	  (w/5mmΦ	  AD†)	 16%	 1.4	  ns	 3.4	  ns	
(20cmΦ	  HPD)	 (12%)	 (1.1	  ns)	 (3.3	  ns)	

Limited	  by	  preamplifier	  	  
(intrinsic	  resolu;on	  is	  	  
beOer,	  less	  than	  1ns)	  

Single	  p.e.	  charge	  and	  ;me	  resolu;ons	  are	  beOer	  for	  both	  new	  photodetectors.	

†	  20mmΦ	  Avalanche	  Diode	  	  
	  	  in	  final	  design	  	  
	  	  	  	  with	  full	  efficiency	
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Photoelectron
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Photoelectron
0 1 2 3 4 50

0.2

0.4

0.6

0.8

1

1.2
HPD	  (w/	  5mmΦ	  AD)	

Box&Line	  PMT	
Super-‐K	  PMT	  

Mul;	  photoelectron	  peaks	  were	  confirmed	  clearly	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  in	  both	  new	  50cm	  photodetectors.	



l Super-‐K	  PMT	  (R3600	  Hamamatsu)	  
l High-‐QE	  Super-‐K	  PMT	  (R3600HQE)	  	  

¡ For	  first	  trial	  of	  high-‐QE	  applica;on	  on	  50	  cm	  Φ	  
l High-‐QE	  Box&Line	  PMT	  (R12860HQE)	  

¡ Ini;al	  prototype	  (tested	  in	  water)	  
¡ Low	  noise	  ver.	  (Dark	  rate	  and	  aper	  pulse	  were	  reduced.)	  
¡ Improved	  ver.	  with	  high	  pressure	  and	  geomagne;sm	  
resistance	  

l High-‐QE	  HPD	  
¡ 20	  cm	  HPD	  (R12112)	  
¡ 50	  cm	  HPD	  with	  5	  mmΦ	  avalanche	  diode	  
¡ 50	  cm	  HPD	  with	  20	  mmΦ	  avalanche	  diode	  
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Tried	  so	  far	



l  Similar	  outward	  form	  and	  
material	  to	  Super-‐K	  PMT,	  
compa;ble	  with	  PMT	  
fixing	  band,	  comparable	  
HV-‐gain	  characteris;cs	
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(First	  prototype)	
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90 III DESIGN (50 PAGES)

2.1.1. Design and Specifications1

Figure 49 shows a side view of the HQE B&L PMT, whose shape is similar to the PMT used in2

Super-K. Hence, the supporter system developed in Super-K to attach the PMT is also appropriate3

for the HQE B&L PMT in Hyper-K. The dynode inside the bulb shape and the surface curvature4

were improved. The specification of the typical HQE B&L PMT is listed in Table XVII.5

FIG. 49. Design of the HQE box-and-line R12860 PMT.

FIG. 50. Focus lines of photoelectrons to

the box dynode and amplification paths of

electrons to the line dynodes.

Shape Hemispherical

Photocathode area 50 cm diameter (20 inches)

Bulb material Borosilicate glass (⇠ 3mm)

Photocathode material Bialkali (Sb-K-Cs)

Quantum e�ciency 30% at � = 390 nm

Collection e�ciency 95% at 107 gain

Dynodes 10 stage box and line type

Gain 107 at ⇠ 2000V

Dark pulse rate ⇠ 8 kHz at 107 gain (13 Celsius degrees)

Transit time spread 2.7 nsec (FWHM) for single photoelectron signals

Weight 7.5 kg (without cable)

Volume 61 cm3

Pressure tolerance 9 kg/cm2 water proof

TABLE XVII. Specifications of the 50 cm R12860-HQE PMT by Hamamatsu.Bleeder	  circuit	
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2.1.2. Detection E�ciency1

The total detection e�ciency of the HQE B&L PMT is twice as high as the conventional R36002

(Super-K PMT). Figure 53 shows the measured quantum e�ciency (QE) of several HQE B&L3

PMTs as a function of wavelength compared with a typical QE of the Super-K PMT in dotted4

line. After several iterations to improve the QE of the large 50 cm bulb by Hamamatsu, a QE of5

30% was achieved at peak wavelength of 390 nm, compared to the 22% of the Super-K PMT.6

Wavelength [nm]
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High-QE R12860

Normal-QE R3600

FIG. 53. Measured QE for six high-QE R12860 (solid lines) and a normal R3600 (dashed line).

If the sensitive photocathode area with a collection e�ciency (CE) greater than 50% is com-7

pared, it was also improved by the 49.2 cm diameter, compared to the 46 cm in case of the Super-K8

PMT and 43.2 cm in the KamLAND PMT. Compared with 73% CE of the Super-K PMT within9

the 46 cm area, the HQE B&L PMT reaches 95% in the same area and still keeps a high e�ciency10

of 87% even in the full 50 cm area. This high CE was achieved by optimizing the glass curvature11

and the focusing electrode, as well as the use of box-and-line dynode. In the Super-K Venetian12

blind dynode, the photoelectron sometimes misses the first dynode while the wide first box dynode13

of the box-and-line accepts almost all the photoelectrons. This also helps improving the single14

photoelectron (PE) charge resolution, which also improves the hit selection e�ciency at a single15

PE level. By a measurement at the single PE level, we confirmed the CE improvement of 1.4 factor16

compared with the Super-K PMT, and 1.9 in the total e�ciency including HQE. Figure 54 shows17

that the CE response is quite uniform over the whole PMT surface in spite of the asymmetric18

dynode structure.19

A relative CE loss in case of a 100 mG residual Earth magnetic field is at most 2% in the worst20

direction, or negligible when the PMT is aligned to avoid this direction on the tank wall. The21

reduction of geomagnetism up to 100 mG can be achieved by active shielding by coils.22

l High	  QE	  and	  CE	  were	  confirmed	  in	  measurements.	  
¡ QE	  22%	  →	  30%	  
¡ CE	  67%	  →	  95%	  (Calculated	  in	  Φ46cm)	
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High	  QE	  of	  Box&Line	  PMT	

Dark	  rate	  at	  each	  threshold	
22%	  at	  peak	

30%	  at	  peak	

Total	  detec;on	  efficiency	  	  
QE	  x	  CE	  measured	  by	  hit	  coun;ng	  efficiency	

In	  total,	  double	  from	  Super-‐K	  PMT	(Super-‐K	  PMT	  →	  Box&Line	  PMT)	
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R3600	  (Super-‐K)	  
Box	  and	  Line	  PMT	

Time	  resolu;on	  at	  FWHM	Output	  linearity	

New	

Super-‐K	

Up	  to	  340	  PE	  within	  5%	  linearity,	  	  
	  	  s;ll	  not	  fully	  saturated	  
	  	  	  	  	  in	  several	  hundreds	  PEs	

High	  ;me	  resolu;on	  in	  all	  region	
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Pulse frequency [kHz]
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at	  150	  photoelectrons	  (107	  gain)	

Monitored	  stability	  of	  later	  pulse	

Constant	  within	  0.5%	For	  single	  photoelectron,	  	  
	  	  	  	  	  	  	  up	  to	  87	  MHz	  within	  5%.	  	

Super	  Nova	  <	  O(100)kHz	 Decay	  electron	  tagging	  from	  μ,	  etc.	



l Dark	  rate	  is	  comparable	  with	  high-‐QE	  Super-‐K	  PMT,	  	  
but	  higher	  than	  PMTs	  in	  Super-‐K	  (about	  4.2	  kHz).	  
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l  Aper	  pulse	  could	  be	  background	  of	  delayed	  e	  from	  μ	  decay,	  ..	  
l  Box&line	  PMT	  tends	  to	  have	  much	  aper	  pulse	  rate	  due	  to	  	  

its	  structure,	  while	  it	  was	  suppressed	  by	  improvements	  in	  R&D.	  	
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Improved	  version	

CH4,	  
N2,O2	

Cs	

4.1    Basic Characteristics of Photocathodes
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4.2
Basic Characteristics of Dynodes

This section introduces typical dynode types currently in use and describes their basic characteristics:
collection efficiency and gain (current amplification).

4.2.1
Dynode types and features

There are a variety of dynode types available and each type exhibits different gain, time response, unifor-
mity and secondary-electron collection efficiency depending upon the structure and the number of stages. The
optimum dynode type must be selected according to application. Figure 4-11 illustrates the cross sectional
views of typical dynodes and their features are briefly discussed in the following sections. MCP-PMT's incor-
porating a microchannel plate for the dynode and photomultiplier tubes using a mesh dynode are respectively
described in detail in Chapter 9 and Chapter 10. The electron bombardment type is explained in detail in
Chapter 11.

Coarse mesh
Fine mesh

(8) Eelectron Bombadment Type

ElectronElectron
Electron

Electron

Electron

AD

(1) Circular-cage Type

(3) Linear-focused Type

(5) Mesh Type

(2) Box-and-grid Type

(4) Venetian Blind Type

(6)  Microchannel Plate Type

(7) Metal Channel Dynode Type
THBV3_0411EA

Figure 4-11: Types of electron multipliers

© 2007 HAMAMATSU PHOTONICS K. K.

Box&Line	 Vene;an	  blind	  
(Super-‐K)	

Posi;ve	  gas	  ion	

Photon	
e-‐	

Gas	  	  
ioniza;on	

Amount	  of	  aper	  pulse	  is	  now	  comparable	  level	  with	  Super-‐K	  PMT’s.	
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l  High	  performance	  and	  low	  cost	  
l  Factors	  to	  be	  considered	  for	  viability	  in	  Hyper-‐Kamiokande:	  

¡  	  Dark	  noise	  from	  AD	  +	  Amp.,	  high	  8kV	  bias,	  low	  gain,	  	  
	  	  	  	  	  	  	  thermal	  dependence	  of	  AD,	  no	  prior	  experience	  using	  	  	  

	  

ｅ	ｅ	

Metal dynode

~2kV ~8kV 

Avalanche Diode (AD)

x ~ 15

~1600 50~200 Avalanche	  gain	Bombardment	  gain	

     ΔV ~ 2-300V Bombardment	  gain	

Amp	

×	  Amp	  gain	

High	  voltage	  around	  8kV	  is	  required	  
	  	  	  	  	  	  	  to	  collect	  electrons	  in	  the	  small	  region	  of	  AD	  (5-‐20mm)	  	  
	  	  	  	  	  	  	  to	  increase	  gain	  at	  electron-‐bombardment	  	

Typ.	 HPD	 PMT	
HV	 8kV	 2kV	
Gain	 104	  -‐	  105	 107	
C.E.	 95%	 80%	

Hybrid	

×	  dynode	  
	  gain	

→	  Fast	  response,	  
	  	  	  	  	  BeOer	  CE,	  etc.	

→	  Good	  resolu;on	

→	  Low	  cost	  
→	  BeOer	  uniformity	  	  
	

×	

+	  High	  B-‐field	  tolerance,	  
	  	  	  	  symmetric	  response,	  	  
	  	  	  	  	  good	  linearity,	  	  
	  	  	  	  	  	  	  	  less	  aper	  pulse,	  ..	
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photocathode	

High	  voltage	  module	  
(2ch	  10kV/500V	  Max)	

10V	
Signal	5mm	  φ	  	  

avalanche	  diode	  (AD)	 Cable	

30cm	
20cm	 Spectral response	 300 - 650 (420 max.) nm 

Photocathode	 Bialkali	

Window material	 Borosilicate glass	

Gain	 4 - 9 ｘ104 

Time	 Rise	 1.7 ns 

Fall	 2.7 ns 

T.T.S.	 0.62 ns （σ） 

Dynamic range	 100 pC (1.5ｘ104 p.e.) 

Preamplifier	  

（+8kV）

（+8kV  -  ΔV） AD

Diff.	  
amp	

	  invert.	  	

ΔV  =  2-300V

Waterproofed	

HV:  8kV,  Bias:  260V

Rise    :  1.7ns

Fall      :  2.7ns

2  mV/Div.

5  ns  /Div.

20	  ns	  

20	  ns	  

1	  pe	
No	  HV	  line	  
	  	  	  	  	  	  in	  water	

Size	  for	  outer	  detector	

Fast	  intrinsic	  response	  
(w/o	  preamplifier)	

Shaped	  in	  	  
	  	  preamplifier	

Good	  photoelectron	  
separa;on	

I-‐V	

I-‐V	



l Gain	  was	  measured	  in	  several	  samples.	  
l Adjust	  HPD	  gain	  by	  AD	  bias	  voltage.	
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l  At	  first,	  5	  mm	  Φ	  avalanche	  
diode	  (AD)	  and	  electronics	  
were	  employed	  for	  50	  cm	  HPD.	  	  

l  To	  get	  a	  full	  efficiency	  (95%	  
CE),	  20	  mm	  Φ	  AD	  and	  its	  
preamplifier	  are	  required.	  	  

l  Because	  a	  large	  junc;on	  
capacitance	  tends	  to	  give	  large	  
noise	  and	  slow	  response,	  
preamplifier	  design	  is	  difficult.	  

l  Preamplifier	  is	  s;ll	  under	  
development,	  and	  50	  cm	  HPD	  
will	  be	  ready	  for	  test	  in	  water	  
soon	  in	  2015.	  
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l  Based	  on	  combina;on	  of	  two,	  preamplifier	  
for	  20mm	  Φ	  AD	  is	  being	  developed	  and	  
50cm	  HPD	  will	  be	  ready	  within	  2015.	  	
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The development and performance evaluation of an HPD for Hyper-K Miao JIANG

efficiency (CE). According to the result provided by Hamamatsu, a f20 mm AD can make the CE
reach to about 93% while the CE of a f5 mm AD is less than 10%. However, with the increasing
area of AD, the junction capacitance also becomes larger: about 800 pF for f20 mm AD, while
about 60 pF for f5 mm AD. A larger junction capacitance leads to a higher noise level, a longer
time constant of the readout circuit, therefore to worse energy and time resolution.

Two countermeasures, the application of segmented AD and the transformer coupling, were
tried to reduce the noise level.

4.1 Application of segmented AD

A prototype of segmented 5-ch f20 mm AD (Fig. 7) was developed. Each channel is amplified
by an isolated trans-impedance preamplifier and all the signal are summed to the output (Fig. 8).
The lower input capacitance makes it easier to develop a high speed preamplifier with low noise
level.

5-ch AD in HPD

20 mm

Ch 1
Ch 2
Ch 3Ch 4

Ch 5

Figure 7: 5-ch f20 mm AD.

filter

filter

I-V inverted amplifier

Sum amp

（+8kV）

（+8kV - VAD）

5-ch AD*

HV Power

50V/mA
protection

I-V

I-V

Signal out

Ch1

Ch2

Ch3
I-V

Ch4
I-V

Ch5
I-V

Figure 8: The HPD system with multi-ch AD.

Comparing with the 50 cm HPD with f5 mm AD, the 50 cm HPD with 5-ch f20 mm AD has
a slightly slower response and a worse 1 p.e. resolution (Tab. 2), which is caused by the large AD
junction capacitance. In fact, even though the capacitance in each channel is reduced to 1/5 (i.e.
160 pF), it is still larger than that of f5 mm AD (60 pF). Nevertheless, the AD with more channels
are not developed because of the difficulty in the pin arrangement and the smaller effective area
due to more isolate trench between each channel. Currently, the 1 p.e. resolution of the 50 cm HPD
with 5-ch f20 mm AD is better than that of Super-K PMT, although its response is still slower than
that of Super-K PMT (Tab. 2).

4.2 Application of coupling transformer

Coupling transformer can be used to suppress the noise gain of the preamplifier by reducing
the capacitance seen by the amplifier [5]. The performance of coupling transformer is tested on a
prototype of the 50 cm HPD with 1-ch f14.7 mm AD at first.

We compared the pulse shape (Fig. 10), the integral charge distribution (Tab. 3) of the 50 cm
HPD signal with and without the coupling transformer with a bombardment voltage (HV) of 11
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50 cm HPD w/ 50 cm HPD w/ Super-K PMT[1]
5-ch f20 mm AD f5 mm AD[1]

Rise time (ns) 20.3⇤ 7.4 10.6
Fall time (ns) 21.1⇤ 11.5 13.1
Pulse width (FWHM) (ns) 32.3⇤ 17.1 18.5
1 p.e. resolution (s/µ) 28% 16% 53%
Peak / valley ratio 3.1 3.9 2.2

Table 2: Comparison of the single photoelectron response of 50 cm HPD with 5-ch f20 mm AD and other
detectors. The HPD with 5-ch f20 mm AD is measured with a 20 MHz bandwidth filter at 415 V of AD bias
and 8 kV of HV. The result of the HPD with 1-ch f20 mm AD is not shown because the single photoelectron
pulse can not be seen at 8 kV of HV.
⇤: The value of the pulse shape after low pass filter.

kV. Obviously, the coupling transformer brings a faster response and a better 1 p.e. resolution to
the 50 cm HPD.

filter

filter

（+8kV）

（+8kV - VAD）

AD

HV Power
50V/mA

protection

I-V Signal out

10nF

Coupling transformer

Coupling capacitor

amp

Figure 9: Circuit of the 50 cm HPD with f20 mm AD (CAD=800
pF) using coupling transformer.

Figure 10: Signal of HPD with and
without transformer.

w/ trans w/o trans
Rise time (ns) 13.9 19.3
Fall time (ns) 16.7 23.9
Pulse width

28.8 42.2
(FWHM) (ns)
1 p.e. resolution (s/µ) 26.9% 49.1%
Peak / valley ratio 4.9 1.4

Table 3: Effect of coupling transformer on the
multi photoelectron response of 50 cm HPD w/
f14.7 mm AD. Measured at 8 kV with 415 V of
AD bias and 20 MHz of bandwidth.

Charge / p.e.
-2 0 2 4 6 8
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1

1.2

Integral Charge Distribution

HV : 11 kV

HV : 8 kV

Figure 11: Integral charge distribution of the sig-
nal of the HPD with coupling transformer. Mea-
sured with a 20 MHz bandwidth filter at 415 V of
AD bias.

However, for the signal response at a HV of 8 kV (Fig. 11), a ratio of peak to valley of 1.1
does not satisfy the requirement of Hyper-K, although the single p.e. charge resolution is about
51.7%, which is the same level as Super-K PMT. Considering the safety, a lower HV (e.g. 8 kV)
is preferred although the signal response at a higher HV (e.g. 11 kV) is better. The combined use
of the multi-channel AD and the transformer coupling is expected to give a better performance and
will be tested in the future.

6

1.	  Transformer	  coupling	 2.	  5	  segmented	  avalanche	  diode	

1:n	  →	  1/n2	  suppression	  	

Performance in a 50cm HPD
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1	  PE	

2	  PE	

w/trans	

5ch	

5ch	  20mmΦ	5-ch 20mm AD of HPD
• The performance of 5-ch AD is tested in a 

50cm HPD

• For the readout electronics, a sum amp is 
used to combine the output signal of each 
channel
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(2014.10	  -‐)	

1st	  proof	  test	  (2013.8	  -‐)	

2012	 2013	 2014	 2015	 2016	
	  	

	  	  
for	  Super-‐K	  PMT	

Proof	  test	
in	  200ton	  water	8	  HPDs	

3	  PMTs	

(Coming	  
	  soon)	
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EGADS	  200t	  tank	

~ 7	  m	

High-‐QE	  photocathode	  is	  applied	  
	  	  on	  Super-‐K	  PMT	  

Con;nue	  long-‐run	  test	  for	  a	  few	  years	

5	  High-‐QE	  Super-‐K	  PMT	  (50cmΦ)	  	  
	  +	  8	  HPD	  (20cmΦ)	  	  
	  +	  3	  High	  QE	  Box&Line	  PMT	  (50cm	  Φ)	  	  
	  +	  224	  Super-‐K	  PMT	  	  	

tested	  with	  227	  Super-‐K	  PMT	
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ZP0015

ZP0021

ZP0022

ZP0024

ZP0025

Normal SK PMT

QE

SK	  PMT	  
(R3600,	  HPK)	

High-‐QE	

22%→30%	

2014.9〜	

2013.8	
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l  Trigger	  is	  issued	  by	  sum	  of	  hits	  with	  all	  photo	  detectors.	  
¡  1	  hit	  =	  1	  HPD	  (PMT)	  with	  1	  p.e.	  or	  more	  signal	  

l  In	  same	  DAQ	  system,	  electronics	  of	  HPD/HQE	  PMT	  is	  separated.	  
¡  1	  p.e.	  level	  differs	  between	  PMT	  and	  HPD.	  
¡  Photons/p.e.	  differs	  between	  normal	  and	  high	  QE.	  

2	  Power	  supply	  lines	  (10V)	  
•  For	  HV	  unit	  and	  Pre-‐amp.	  

(<500mA）+	  GND	  
4	  HV	  control	  lines	  (<1mA,	  5V)	
•  HV	  control	  (0	  -‐	  4V	  out）	
•  AD	  bias	  control	  (0	  -‐	  4V	  out）	
•  Latch	  up	  monitor	  (+5V	  in）	
•  Enable	  switch	  (+5V	  out）	  

10ch	  x	  6	  LV	  cables	 70m	  	  
Low	  voltage	  (10V)	  	  
+	  control	  cable	  (5V)	

70m	  signal	  cable	

HV	

Amp.	

~8kV	

Water	  tank	

HPD	 ×8	

ATM	  (Analog	  Timing	  Module)	
ATM (Analog Timing Module) 

� 12#channel#input#

� 2TAC+2QAC/channel,##1ADC/board#

� ADC#process#speed#:#5.5�sec/hit#
� Dynamic#range#:#~450#pC#

� Read#the#data#via#TKO#bus#and#VME#

� HITSUM:#200ns###O15mV#

threshold#

12ch	  x	  (2TAC+2QAC)→ADC	

1	  board	  for	  HPD	  (8/12ch)	  
1	  for	  HQE	  PMT	  	  	  (5/12ch)	  

For	  	  
PMT	

For	  	  
HPD,	  
HQE	  
PMT	

NOT	  for	  Hyper-‐K	  case	

PMT	  
HV	

HPD	  PS	

*)	  ATM	  replaced	  with	  QBEE(current	  SK	  board)	  later	

10V	

Trigger	  threshold	  is	  set	  	  	  
	  	  by	  each	  board	  (0-‐12mV)	  
Set	  threshold	  separately	  	  
	  	  	  (0.25p.e.	  in	  PMT	  case)	  

	  	  	  	  	  	  	  Calibrated	  HPD/HQE	  PMT.	

and	  SK	  /HQE	  PMTs	

	  used	  in	  
	  old	  SK	
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610×

 / ndf 2χ   1615 / 4
Factor    2.419e-27± 3.477e-25 

 αIndex  0.0009386± 8.098 

 / ndf 2χ   1615 / 4
Factor    2.419e-27± 3.477e-25 

 αIndex  0.0009386± 8.098 

 / ndf 2χ  548.1 / 4
Factor    1.272e-27± 1.355e-25 

 αIndex  0.001264± 8.278 

 / ndf 2χ  548.1 / 4
Factor    1.272e-27± 1.355e-25 

 αIndex  0.001264± 8.278 

 / ndf 2χ  239.2 / 4
Factor    2.032e-27± 1.491e-25 

 αIndex  0.001934± 8.255 

 / ndf 2χ  239.2 / 4
Factor    2.032e-27± 1.491e-25 

 αIndex  0.001934± 8.255 

 / ndf 2χ  18.68 / 4
Factor    2.674e-29± 3.403e-27 

 αIndex  0.001041± 8.597 

 / ndf 2χ  18.68 / 4
Factor    2.674e-29± 3.403e-27 

 αIndex  0.001041± 8.597 

 / ndf 2χ  5.556e+04 / 4
Factor    1.443e-26± 3.558e-24 

 αIndex  0.000552± 7.669 

 / ndf 2χ  5.556e+04 / 4
Factor    1.443e-26± 3.558e-24 

 αIndex  0.000552± 7.669 

 / ndf 2χ  40.49 / 4
Factor    1.452e-27± 1.141e-26 

 αIndex  0.01728± 8.576 

 / ndf 2χ  40.49 / 4
Factor    1.452e-27± 1.141e-26 

 αIndex  0.01728± 8.576 

 / ndf 2χ  17.18 / 4
Factor    3.227e-26± 1.62e-25 

 αIndex  0.02765± 8.241 

 / ndf 2χ  17.18 / 4
Factor    3.227e-26± 1.62e-25 

 αIndex  0.02765± 8.241 

 / ndf 2χ  474.9 / 4
Factor    2.53e-27± 1.563e-25 

 αIndex  0.002226± 8.206 

 / ndf 2χ  474.9 / 4
Factor    2.53e-27± 1.563e-25 

 αIndex  0.002226± 8.206 
ZP0015
ZP0022
ZP0021
ZP0012
ZB8259
ZB8246
ZB8248
ZP0007

Gain-‐HV	  curve	

HQE	  
SK	  PMT	

5	  HQE	  SK	  PMT	  
	  
3	  HQE	  	  
Box&Line	  	  
PMT	

HV	 1.5 2 2.5 3 3.50
2
4
6
8
10
12
14
16
18
20
22
24

Single	  photoelectron	  peak	  [pC]	

3	  HQE	  B&L	  PMTs	  
5	  HQE	  SK	  PMTs	  
SK	  PMTs	  

N
um

.	  o
f	  p

ho
to
de

te
ct
or
s	

Calibra;on	  	
•  ・	  HV	  of	  SK	  PMTs	  in	  EGADS	  	  

	  determined	  by	  QE×CE×Gain.	  
•  ・	  Gain	  of	  HQE	  SK,	  Box&Line	  	  

	  PMTs	  adjusted	  by	  1	  p.e.	  peak	  	  
	  to	  get	  same	  gain	  as	  SK	  PMT’s.	

Diffused	  light	  at	  center	  of	  tank	  
	  by	  LED	  or	  laser	  diode	  	

3	  Box&Line	  
	  PMTs	

HQE	  Box&Line	  PMT	  
HQE	  Super-‐K	  PMT	  

Super-‐K	  PMT	  
20cm	  HPD	

3	  Box&Line	  	  
PMTs	  

HQE	  Box&Line	  PMT	  
HQE	  Super-‐K	  PMT	  

Super-‐K	  PMT	  
20cm	  HPD	

Charge	  resolu;on	  at	  1	  p.e.	Time	  resolu;on	  at	  1	  p.e.	
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Threshold [mV]
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D
ar

k 
ra

te
 [k
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-110

1

10

210
EHD0104
EHD0098
EHD0092
EHD0083
EHD0078
EHD0080
EHD0091
EHD0095

l  Dark	  rate	  scanned	  by	  thresholds,	  
where	  the	  rates	  are	  flat	  around	  1	  p.e.	  
hit	  threshold	  defined	  as	  doOed	  lines.	  

l  HQE	  PMTs	  tend	  to	  get	  high	  rate	  
because	  of	  high	  QE,	  while	  the	  20	  cm	  
HPDs	  show	  1	  kHz	  or	  less	  due	  to	  small	  
aperture.	  	  

Dark rate [kHz]
0 5 10 15 20 25 30
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1

10

PMT (Normal QE) 

PMT (High QE) 

HPD (8-inch) 

PMT (Box&Line) 

Threshold [mV]
0 2 4 6 8 10 12 14

Da
rk

 ra
te

 [k
Hz

]

1

10

210

←	  1mV	  thres.	  for	  all	  PMTs	

Dark	  rate	  measured	  in	  tank	  by	  thresholds	
HQE	  Box&Line	  PMT	  
	  	  (ZB8248,	  ZB8259,	  ZB8246)	  
HQE	  SK	  PMT	  
SK	  PMT	  	  

11.Nov.2014	

Hit	  threshold	  [mV]	

1	  p.e.	

HQE	  Box&Line	  PMT	  
HQE	  Super-‐K	  PMT	  
Super-‐K	  PMT	  
20cm	  HPD	  

Ini;al	  prototype	  before	  	  
	  	  	  reducing	  dark	  rate	  

Dark	  rate	  in	  recent	  8	  months	  average	

20cm	  HPDs	

←	  4mV	  thres.	  for	  HPDs	

1	  p.e.	

Hit	  threshold	  [mV]	
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01/Dec 31/Dec 30/Jan 29/Feb 30/Mar 29/Apr 29/May 28/Jun 
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ZP0015 
ZP0022 
ZP0021 
ZP0012 
ZP0007 
ZB8259 
ZB8246 
ZB8248 

3	  HQE	  Box&Line	  
PMTs	

HQE	  Super-‐K	  PMT	Da
rk
	  ra
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	  [k
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]	
Da

rk
	  ra
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	  [k
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]	

1	  HPD	  got	  unstable	  rate,	  	  
due	  to	  high	  AD	  bias	  V	  	  
near	  to	  breakdown,	  and	  	  
stable	  aper	  bias	  lowered.	

1/2	  year	

1-‐2oC	  high	  temperature	

For	  recent	  8	  months	

Low	  gain	  and	  unstable	

1	  PMT	  ge�ng	  high	  rate.	
NOTE	  :	  Recent	  version	  	  
got	  half	  reduc;on	  similar	  	  
	  to	  HQE	  Super-‐K	  PMT’s	

Almost	  stable	  ~8.4kHz	

2014	 2015	
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20cm	  HPDs	

50cm	  high-‐QE	  PMTs	

02/Apr 09/Apr 16/Apr 23/Apr 0.8
0.85

0.9
0.95

1
1.05

1.1
1.15

1.2
ZP0015 
ZP0022 
ZP0021 
ZP0012 
ZP0007 

02/Apr 09/Apr 16/Apr 23/Apr 0.8
0.85

0.9
0.95

1
1.05

1.1
1.15

1.2 EHD0074 
EHD0092 
EHD0083 
EHD0078 
EHD0080 
EHD0091 
EHD0095 

Affected	  by	  	  
water	  condi;on	

RMS ~ 0.01	

RMS	  0.005	  –	  0.02	
Re

la
;v
e	  
ou

tp
ut
	

(1	  p.e.	  peak	  monitor)	

(light	  peak	  monitor)	

EHD0091	  :	  Instable	  temperature	  in	  tank	  
EHD0074	  :	  High	  rate	  HPD	

A	  good	  gain	  stability	  (1%	  RMS)	  is	  confirmed.	  Long-‐term	  stability	  will	  be	  concluded	  in	  the	  end	  later.	



l Determine	  photodetector	  for	  Hyper-‐K	  in	  2016.	  
l Hyper-‐K	  starts	  from	  2015	  in	  earliest	  case	  	
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2012	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	2024	2025	

　	
　	

　	
　	

　	
　	

　	
　	

　	
　	

　	
　	

　	
　	

　	
　	

　	
　	

　	
　	

　	
　	

　	
　	

　	
　	

　	
　	

　	
　	

　	
　	

　	
　	

　	
　	

　	
　	

　	
　	

　	
　	

　	
　	

　	
　	

　	
　	

　	
　	

　	
　	

Tunnels	Cavity	  excava;on	Tank	  construc;on	

Photosensor	  installa;on	Photodetector	  R&D	

Prepara;on	
Photodetector	  produc;on	

Water	  filling	

Opera;on	

Engineering	  test	

7	  years	  construc;on	

Survey,	  Detailed	  design	

Test	  candidate	  photodetectors	Test	  possible	  candidate	  photodetectors	

(Assuming	  budget	  approval,	  not	  determined	  yet)	



Hyper-‐K	  performance	  would	  be	  improved	  by	  new	  photodetectors.	  	
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1k	  PMTs	  
/	  3	  kton	  water	

11k	  PMTs	  
/	  50	  kton	  water	

99k	  Photodetectors	  
/	  1	  Mton	  water	Hamamatsu	  R1449	

Hamamatsu	  R3600	

Hamamatsu	  R12850HQE,	  R12860HQE,	  …?	

(1996-‐	  )	

(1983-‐1996)	

(2025?-‐	  )	

Double	  efficiency	  and	  high	  resolu;on	  were	  confirmed.	




